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Green and sustainable remediation can be further environmentally friendly by 
using renewable energy systems in place of utility-provided power. This project includes 
the installation of a single-axis tracking photovoltaic (PV) array at a former dry cleaning 
site that is undergoing remediation under the Missouri Department of Natural Resources 
(MODNR) Drycleaning Environmental Response Trust (DERT) Fund program. The PV 
array provided power to a positive displacement piston pump that extracted ground water 
from a 15 m deep monitoring well.  The tetrachloroethene (PCE)-contaminated ground 
water was treated using granular activated carbon (GAC) units prior to discharge to the 
local publicly owned treatment works (POTW). The system included a linear current 
booster that eliminated the need for batteries but meant that the system would only 
operate at or above a solar radiation threshold. A datalogger continuously collected 
radiation, flowrate, and electrical data, and water quality samples were regularly collected 
to quantify the mass of PCE and PCE-associated products that were removed from the 
aquifer. There were several challenges encountered during the project, the greatest of 
which was the low aquifer yield and competing remediation activities.  Still, a stochastic 
analysis was performed to estimate the average daily flowrate for any given month.  A 
long-form model analyzed the flowrate as a function of the power consumed by the 
pump, with consideration given to the renewable, electrical, and mechanical energy 
transformations.  A short-form model was also analyzed where daily flowrates were 
solely a function of daily observed radiation.  Radiation data was obtained from a 
publically-available resource and compared to the actual observed radiation. The project 
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Symbol Description  
PV photovoltaic 
MODNR Missouri Department of Natural Resources 
DERT Drycleaning Environmental Response Trust 
PCE tetrachloroethene 
PSH peak sun hours 
GAC granular activated carbon 
POTW publicly owned treatment works 
PNT pump-and-treat 
CERCLA Comprehensive Environmental Response, Compensation and Liability Act 
DNAPL dense nonaqueous-phase liquid 
TCE trichloroethene 
USEPA U.S. Environmental Protection Agency 
MCL maximum contaminant levels 







EPYR solar radiation observed at the system pyranometer 
EPRE daily average predicted solar radiation provided by PVWatts, Version 2 
xi 
 
VW   volume of extracted water 
EPV   the amount of energy collected by the PV array 
EPUMP   the amount of energy consumed by the pump 
VDC voltage direct current 
AWG American wire gauge 
AC alternating current 
DC direct current 
CSR Climatological Solar Radiation 
R2 coefficient of determination 
PDF  probability distribution function 
P-Value  probability that a test statistic will fall within the null hypothesis 
kWh   kilowatt hour 
  
 1. INTRODUCTION 
 Environmental remediation projects aim to reverse the effects of previous 
negligent projects that were responsible for infecting media such as groundwater and soil 
with toxic chemicals.  However, by using fossil fuels to drive these projects the carbon 
footprint has not been reduced.  Sustainable and green remediation projects seek a net 
benefit to the environment by powering cleanups with alternative sources of energy (Ellis 
and Hadley 2009).  Sustainable and green remediation is a relatively new initiative with 
much left to be studied and discovered. 
 
 Researchers are now attempting to improve upon existing remediation projects by 
replacing the power supply with renewable energy sources.  A widespread remediation 
approach is the pump-and-treat (PNT) groundwater method.  The effectiveness of a 
sustainable PNT system would be a function of the appropriateness of the hydraulic 
properties of the aquifer and availability of the renewable energies at the site.  Feasibility 
studies using wind turbine energy were performed by Gallagher and Elmore 2008 but 
their project analyzed the use of wind energy to power such a remediation system.   
 
 Missouri sees an average of five peak sun hours (kWh/m2) of solar irradiation per 
day.  Solar power was selected as the energy source for this project to illustrate if and 
how renewable energy can be used to power cleanup projects needed at contaminated 





2. ENVIRONMENTAL REMEDIATION 
PNT have been popular ever since the ratification of the Comprehensive 
Environmental Response, Compensation and Liability Act (CERCLA) of 1980.  Lai et al. 
(2007) identifies PNT as the most popular method of treating contaminated groundwater.  
PNT is noted for effective hydraulic containment and mitigation control but is a 
significantly lengthy process (Gingrich et al. 2007).  Not only are they time-consuming 
but there is no guarantee of full remediation at sites with dense nonaqueous-phase liquid 
(DNAPL) sources of contamination such as tetrachloroethene (PCE), trichloroethene 
(TCE), and other associated chemicals (Stroo et al. 2003).  PCE is a toxic, colorless 
liquid that poses the potential for a hazardous spill or explosion, and has been named a 
probable carcinogen by the International Agency for Research on Cancer.  Pontecorvo 
(1997) estimates that 90% of all drycleaning operations in the United States used PCE as 
a cleaning solvent.  Once PCE is used up it is considered to be a hazardous waste and is 
subject to many safety practices including disposal regulations.  However before the 
United States Environmental Protection Agency (USEPA) and other state and federal 
regulators established environmental guidelines for the disposal of PCE it would be 
casually disposed of in sewers, trash, or sometimes directly on the ground surface 
(Pontecorvo 1997). 
 
In 2000, MODNR established the DERT Fund listed under the Voluntary Cleanup 
Section to address PCE contamination at past and current drycleaning establishments.  
Once a PCE-contaminated site has been identified by the state remedial actions are taken 
to decrease the amount of contamination at a site to maximum contaminant levels (MCL).  
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Past dry cleaning operations at a site in Rolla, Missouri led to contamination in 
the form of volatile organic compounds (VOC) in the underlying aquifer.  
Bioremediation activities at the site have been ongoing since the location was added to 
the DERT Fund list in 2008, but MODNR determined that additional efforts in the form 
of PNT were needed to accelerate the cleanup process.  The site is currently still in 
operation as a high volume commercial laundry facility so efforts were made to minimize 





3. SOLAR-POWERED PUMPING SYSTEMS 
 Energy undergoes many conversions from the natural resource (solar radiation or 
wind velocity) via photovoltaic (PV) panels or wind turbines until it is available as 
mechanical energy for pumping water (Sharma et al. 1995; Kenna and Gillett 1985).  Kou 
et al. (1998) presents the following equations for the calculation of the flowrate (Q) of a 
pumping unit 
 
 𝑉 = 𝑓1(𝐼,𝐻) (1) 
 𝑄 = 𝑓2(𝑉,𝐻)  (2) 
 
where flow is minimally a function of the pump’s current (I) and head (H) or voltage (V) 
and head.  Even more simply, Kenna and Gillett (1985) developed the following equation 
for the power P (in watts) required to pump water where Q has units of m3/s and H has 
units of m. 
 
 𝑃 = 0.81𝑄 ∗ 𝐻 (3) 
 
 Vilela and Fraidenraich (2001) observed a nonlinear relationship between solar 
radiation levels and flowrates of solar-powered pumps.  However, a limitation of the 
pumping studies mentioned above is that they were performed using constant, known 
water heads which is an unreasonable assumption for cleanup sites.  The location of a 
remediation project is dictated by the contamination and not the availability of ground 
water, as is the case for rural drinking water pumping systems.  Bolaji and Adu (2007), 
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Omer (2001), and Richards and Schäfer (2002) concentrate on the effectiveness of using 
various renewable energy to provide potable water and irrigation systems to rural areas. 
Solar and wind are inherently variable energy sources so in order to meet the water 
demand of rural dwellers, battery storage technology was necessary, which decreased 
system efficiency. These types of systems are designed around the projected amount of 
water required for rural dwellers and cannot be compared to remedial system designs and 
objectives because the dependents of the functionality of these types of systems are 
people, instead of voluntary cleanup projects as in the case of many remediation systems.  
This study is an analysis of the performance of a solar-powered PNT system and two 




4. OBJECTIVES AND GOALS 
 The objective of this research was to determine the feasibility of a solar-powered 
PNT remediation system.  This was implemented via a stochastic analysis of the 
performance of the system which facilitated development of a model for the prediction of 
other potential solar-powered PNT operations.  In addition to the data gained from the 
project, it operated as an active cleanup site and addressed a local ground water 
contamination issue.  Results related to the remedial aspect of this project are included in 
Appendix A.  
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5. METHODOLOGY AND WORK NARRATIVE 
A 400 W surface-mounted piston pump draws water from a 15 m deep monitoring 
well.  The pump is powered via a 560 W passive-tracking PV system.  There are no 
batteries or other energy storage device to capture excess energy so the pump only 
operates during daylight hours when sufficient solar energy is provided.  The ex situ 
treatment method applied to the ground water is adsorption by GAC, although this is 
easily interchangeable with other treatment techniques.  Once treated, the water is 
sampled to evaluate efficacy of the treatment and to ensure the removal of VOC before 
discharge to the POTW. 
 
 A datalogger obtained one-minute average readings of: solar irradiance, flow 
meter voltage, PV array voltage and current, pump voltage and current, and linear current 
booster voltage.  Instantaneous power (P(t)) for the PV array and pump were calculated 
using the definition of power. 
 
 𝑃(𝑡) = 𝐼(𝑡) ∗ 𝑉(𝑡) (4) 
 
 Instantaneous energy (E(t)) at the PV array could then be calculated by 
multiplying the difference in time (Δt) to power. 
 





 To then calculate the amount of peak sun hours the instantaneous energy was 
divided by the total area (A) of the PV panels.  In this case each of the four PV panels has 
dimensions of 0.994 by 1.64 m, or 1.63 m2 for a total PV array area of 6.52 m2. 
 




The observed solar radiation at the research site was compared against historically 
modeled solar data.  The comparison revealed a linear fit where  
 
 𝐸𝑃𝑌𝑅 = 𝑓(𝐸𝑃𝑅𝐸) (7) 
 
where EPYR is solar radiation (as observed by the system pyranometer) and EPRE is the 
predicted amount.  The results of this analysis are included in Appendix B.   
 
 Flowrates were obtained via daily visual inspection of the flow meter totalizer 
which recorded the cumulative amount of flow through the system.  The daily back 
calculated flowrates were analyzed as a function of daily observed solar radiation data.  
This method of stochastic system performance analysis was termed “short-form” due to 
the lack of consideration of energy transformations and derating factors.  The short-form 





 𝑉𝑊 = 𝑓(𝐸𝑃𝑌𝑅(𝐸𝑃𝑅𝐸)) (8) 
 
where VW  is the flowrate.   
 
 A second model, a “long-form” approach, was developed where all potential 
losses were taken into consideration.  This method analyzed the relationships between the 
steps of energy conversion from PV arrays to mechanical energy observed at the pump.  
The mathematical portrayal of this model is 
 
 𝑉𝑊 = 𝑓(𝐸𝑃𝑈𝑀𝑃(𝐸𝑃𝑉(𝐸𝑃𝑌𝑅(𝐸𝑃𝑅𝐸)))) (9) 
 
where EPV is the amount of energy collected by the PV array and EPUMP is the amount of 
energy consumed by the pump.  Appendix C includes the raw data used for these 
analyses and all other data used for the prediction of random variables.  (Gaps in data are 
due to operation interruption in the form of competing remediation activities, weather 
extremities, or system maintenance.) 
 
Monte Carlo simulations were performed using these stochastic analyses and 
conditional probabilities of the random variables, EPYR and VW.  The simulations 
provided forecasts of the random variables and the observed data was compared to the 





1. USING CONDITIONAL PROBABILITY TO PREDICT SOLAR-
POWERED PUMP-AND-TREAT PERFORMANCE 
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1.1.  ABSTRACT 
 The purpose of remediation projects is to protect human health and the 
environment by removing harmful substances from the environment.  The carbon 
footprint of an environmental remediation site can be reduced by powering the project 
with green or sustainable energy.  This paper describes a sustainable remediation project 
that involves the use of a single-axis passive tracking photovoltaic array to power a 
pump-and-treat system at a Missouri Drycleaning Environmental Response Trust Fund 
site.  The tetrachloroethene-contaminated ground water is pumped via a positive 
displacement piston pump and treated using granular activated carbon.  Previous works 
studying the performance of solar-powered pumping systems were performed using 
known or constant water heads which are typically unknown at active remediation sites.  
A stochastic analysis was performed given two inherently random variables of solar 
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radiation and pumping flowrates.  Two models were developed for the estimation of the 
amount of water that would be pumped from a solar-powered system given (a) the 
amount of solar radiation observed at the site or (b) the amount of energy consumed by 
the pump, both of which can be determined using data from the free online resource, 
PVWatts.  The results showed that even given substantial effect from bioremediation 
activities, a long-form model was able to accurately predict within the central range of 
probabilities for five of the seven months studied. 
 
1.2.  INTRODUCTION 
 Examples of green and sustainable technologies are widely available throughout 
the United States and range from hybrid automobiles to residential photovoltaic (PV) 
systems to large scale wind farms that generate electricity at the utility scale.  
Environmental remediation is inherently “green” because of the overall goal of protecting 
human health and the environment.  However, Ellis and Hadley (2009) describe how the 
focus on risk reduction for specific sites could result in excess power consumption that 
has the potential for the generation of off-site risks through the generation of greenhouse 
gasses.  Green and sustainable remediation efforts were stimulated in part by Executive 
Order 13123 Greening the Government through Efficient Energy Management (1999), 
and an overview on the use of renewable energy systems to reduce air emissions was 
included in the 2008 U.S. Environmental Protection Agency (USEPA) Smart Energy 
Resources Guide.  The USEPA Technology Innovation and Field Services Division 
clean-up information website (www.clu-in.org) currently includes 28 field profiles of 
green and sustainable remediation projects that range from phytoremediation of metals 
and pesticides to a wind-driven vacuum process for soil vapor extraction. 
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 Pump-and-treat (PNT) ground water remediation technologies have been popular 
ever since the ratification of the Comprehensive Environmental Response, Compensation 
and Liability Act (CERCLA) in 1980.  Gingrich et al. (2007) state that PNT is known for 
effective hydraulic containment and plume mitigation but site closure can be a 
significantly lengthy process.  Even so, Lai et al. (2007) identifies PNT as the most 
widespread ground water remediation approach.  The size of PNT systems can range 
from a single well system that pumps less than 0.1 L/s system to several wells that 
produce a total flowrate of 100 L/s or more.  Power demands of these smaller systems 
may be appropriate for widely available renewable energy systems which are typically 
marketed to individual residences.  For example, Elmore and Gallagher (2009) describe 
the use of a 7.5 kW wind turbine to partially power a ground water circulation well at a 
Nebraska Superfund site.  There is also the Delfasco Forge Site Site featured on the CLU-
IN site which uses a single solar panel to power exhaust systems addressing TCE vapor 
intrusion.  The literature includes several small- and large-scale studies about the use of 
solar energy to pump water.  Bolaji and Adu (2007) developed a system configuration for 
flowrates ranging up to 0.797 L/s given a particular solar radiation.  Omer (2001) 
considered the use of several large-scale PV pumping systems for rural dwellers’ 
applications such as drinking and irrigation and determined that solar pumping systems 
should be fully promoted and implemented in Sudan and similar areas.  Fath et al. (2008) 
studied the performance of a solar-powered desalination system for drinking water 
purposes.  This project took place in Egypt where they saw a daily water production of 




 Energy undergoes many conversions from the natural resource (solar radiation or 
wind velocity) via PV panels or wind turbines until it is available as mechanical energy 
for pumping water (Sharma et al. 1995; Kenna and Gillett 1985).  Vilela and Fraidenraich 
(2001) found that there is a nonlinear relationship between solar radiation levels and 
flowrates for PV-powered pumps.  A limitation of the pumping studies mentioned above 
is that they were performed using constant, known water heads.  That is, a ground water 
production project may be sited where ground water resources are optimal, while the 
location of remediation projects is dictated by the distribution of the contaminants of 
concern without necessarily considering the availability of ground water.   
 
 PV-powered projects and water pumping projects typically include deterministic 
analyses.  Practitioners considering small PV installations to power PNT systems may be 
interested in using publically available solar performance prediction models such as 
PVWATTS.  One of the significant limitations of that and other deterministic models is 
that average solar radiation values are estimated.  Solar radiation is an inherently random 
variable because it cannot be predicted precisely for any given location.  Likewise, water 
well yield may also be difficult to predict because of transient potentiometric surfaces 
related to recharge and natural and anthropogenic aquifer stresses.  Therefore, the 
objective of this paper is to develop an empirical method for systemically accounting for 
these two random variables at an operating PNT project.   
 
1.2.1.  Site Description 
 This research was conducted at an active commercial laundry facility where 
drycleaning had been conducted in the 1960s and from 1985 to 1991.  The Missouri 
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Department of Natural Resources (MDNR) established the Drycleaning Environmental 
Response Trust (DERT) Fund in 2000 to address tetrachlorethene (PCE) contamination at 
former and active drycleaning facilities.  The 1,600 m2 facility located in Rolla, Missouri 
was added to the DERT Fund list in 2008 as a high priority site.  An approximately 3,200 
m2 plume of PCE contamination was identified with concentrations ranging between 0.5 
to 30.8 mg/L of PCE.  NRCS (2011) identifies the primary soil series in the area as 
Hartville silt loam which is somewhat poorly drained soil marked by three to eight 
percent slopes and a saturated hydraulic conductivity of 10-6 to 10-5 m/s.  Kugler (2011) 
described the bedrock at the site as a porous and fissured dolomite overlain by 0.6 to 4 m 
of residual soil and gravel.  Spreng and Proctor (2001) identify the bedrock as belonging 
to the Jefferson City and Cotter Formations which are fine, silty, and cherty dolomites 
with sandstone and minor traces of shale and conglomerate.  There were 14 monitoring 
wells installed at the site, and the static ground water level was around 3 m in depth.  All 
of the monitoring wells were completed in the Jefferson City/Cotter Formation, but data 
were not available to estimate aquifer parameters.  However, Freeze and Cherry (1979) 
estimates the hydraulic conductivity range of a fractured dolomite as 10-9 to 10-4 m/s, and 
Christenson et al. (1994) characterized the formation as a relatively poor water producer.  
Christenson (1995) found that water supply wells completed in the Cotter Formation 
generally yield less than 60 L/m. 
 
1.3.  SYSTEM DESCRIPTION 
 The monitoring well located at the PCE hotspot was selected for the PNT system.  
The well was 5.1 cm in diameter, 15 m deep, and the static depth to water was 
approximately 3 m below the ground surface.  The well diameter was too small for a 
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submersible pump; however, the relatively shallow ground water was appropriate for a 
surface-mounted pump.  A previous short-term air sparging remediation effort at the site 
using air lift pumping reportedly generated flowrates on the order of 30 to 40 L/m from 
the subject well over short periods of time. A Dankoff Solarforce 3040-48pv piston pump 
(model no. SOLARFORCE 3040-48PV) rated at a maximum flowrate of 34.5 L/m at 
42.7 m of head when powered at 403 W was selected for the project given the expected 
well yield. 
 
 The pump was powered by a single-axis tracking PV array located south of the 
laundry facility at 37°57'21.22"N, 91°46'9.32"W.  A Zomeworks F-Series Track Rack 
single-axis passive solar tracker (model no.UTRF-064) was installed facing due south, 
and the horizontal tilt was set at 35° which was the closest setting to the site latitude and 
the tilting axis rotates between 60° and 90°, depending on the daily radiation observed by 
the tracker.  Four 235 W Kyocera panels (model no. KD235GX-LPB) were installed on 
rack, and they were connected in series to produce a nominal voltage rating of 48 VDC, a 
nominal power rating of 540 W, and module efficiency of 14.4%.  The PV array was 
connected to the pump assembly via approximately 15 m of #10 AWG cable.  Inlet and 
outlet pipe is 2.54 cm in diameter and total vertical lift is 9 m from a foot valve to the 
storage tank inlet.  A Solar Converters Inc. linear current booster (model no. PPT 48-20) 
was installed between the PV array and the pump to optimize system efficiency by 
regulating current.  It also serves as a controller for the pump to allow it to operate in low 
light conditions which means that it only operates during periods of adequate sunlight 
(non-cloudy, daytime).  Batteries or other energy storage devices were not included in the 
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system.  Figure 1 shows locations of the pump, storage tanks, and passive tracker at the 
site. 
 
 This particular monitoring well observed the highest amount of PCE 
concentrations (30.8 μg/L) at the site and was therefore selected for the PNT process.  
Ground water was pumped from the monitoring well to four 210 L Calgon Carbon 
Disposorb® units which contain coconut base virgin granular activated carbon (GAC) 
connected in two trains.  Treated water is then stored in holding tanks until discharged to 
the local publicly owned treatment works (POTW) after verifying treatment. 
 
1.3.1.  Instrumentation 
 Figure 2 is the electrical one line diagram illustrating the power flow of the 
system.  A  Great Plains Industries digital totalizer flowmeter (model no. 
G2P05N09GMA) rated for 4.54 to 45.42 L/m provided cumulative flow readings.  The 
diameter of the well was too small to permit the installation of water level sensors which 
would typically be used to prevent the pump from pumping the well dry.  So an 
electronic timer was fabricated and installed between the flowmeter and pump to stop 
power when the flowmeter indicated no flow conditions.  The pump would not operate 
for one minute, theoretically allowing the well to recharge.  After one minute the system 
would resume operation. 
 
 An Apogee SP-110 pyranometer (model no. CS300-L) mounted directly on the 
tracker measured the solar radiation.  An Ohio Semitronics Inc. voltage sensor (model no. 
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PC8-003-01X5) was placed after the PV array and a second one (model no. PC8-001-
01X5) was placed after the pump.  These sensors measured the voltage and current from 
the PV array and pump.  A Campbell Scientific® (model no. CR800) datalogger recorded 
one-minute average readings from these the pyranometer and voltage sensors.  These 
readings were used to calculate instantaneous power and energy for the PV array and 
pump and peak sun hours. 
 
1.3.2.  Monitoring Methods 
 Water quality samples were collected weekly to estimate contaminated mass 
removal.  Duplicate sample collection for quality assurance was performed at a rate of 
10%.  Samples were analyzed by Teklab, Inc. in Collinsville, IL according to EPA 
Method 8260B for Volatile Organic Compound (VOC) Determination.  Water quality 
samples were collected prior to treatment, in between the lead and lag GAC treatment 
units in each train, after GAC units in each train, and from the holding tanks prior to 
discharge to the POTW. 
 
1.4.  RESULTS AND DISCUSSION 
 The system was operated for approximately eight months and operation 
interruptions occurred sporadically and included: temporary winterization of the pump 
during periods of exceptionally cold temperatures, cessation of PNT to accommodate 
short-term bioremediation activities which potentially would have clogged the GAC 
units, GAC unit replacements, and system repairs.  Solar radiation data were 
continuously collected even during periods when the PNT system was not operating. 
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1.4.1.  Basic Remediation Performance 
 A preliminary estimate of the total volume to be pumped over the course of 12 
months was developed using the U.S. Department of Energy program PVWatts Version 
2.  It is a solar energy model that calculates the solar radiation, AC energy, and cost 
savings for a user-defined PV system anywhere in the world.  The preliminary estimate 
assumed the well could produce a constant flowrate of 34 L/m and that the PV efficiency 
factor was 67%.  PVWatts considers several components of the PV system as potential 
deration factors: PV module nameplate DC rating, inverter and transformer (not included 
in the subject PNT system), mismatch, diodes and connections, DC and AC wiring, 
soiling, system availability, shading, sun-tracking, and age.  Table 1 shows that the 
preliminary estimate was that the system would extract water at a monthly average of 
0.91 L/m.  Table 2 shows that the actual average production was 97% lower than the 
preliminary estimate mostly due to the low water production of the well.  The weekly 
PNT water production is shown in Figure 3, and that graph suggests that the well yield 
was permanently reduced due to an unknown mechanism possibly related to the site’s 
bioremediation activities introduced to the system on June 24, 2011.  Water levels were 
monitored in a nearby monitoring well, and no correlation was observed between the 
water levels and the well yield. 
 
 Based on the weekly VOC analytical sampling results, the system removed 





1.4.2.  PV Pumping Performance 
 PVWatts Version 2 was used to predict the amount of energy available at the 
study site.  PVWatts Version 2 divides the United States into 40km x 40km areas of 
interpolated solar resource data from the Climatological Solar Radiation (CSR) Model  
which considers historical solar radiation, opaque cloud cover, atmospheric water vapor, 
aerosols and trace gases to predict daily average radiations for any given month (Maxwell 
et al. 1998).  The modeled value within a 40km x 40km grid is estimated to be within 
10% of the true value (George and Maxwell 1999).  The DERT Fund site saw differences 
exceeding 10% when compared to radiation data acquired from PVWatts Version 2, and 
the measured values given in Table 3.  Solar radiation data from other nearby 
pyranometers was collected to further characterize solar radiation in the area.  The DERT 
Fund site was designated as Site 1, and the other pyranometer sites were called Sites 2 
through 5, in order of their distance from Site 1.  Site 2 is the closest to the original 
pyranometer located at 37°57'22.97"N, 91°46'34.17"W.  The south-facing pyranometer is 
fixed at 38°.  Site 3 has a horizontal pyranometer located at 37°57'12.44"N, 
91°47'17.20"W.  Site 4 located approximately 5 km from the original site at 
37°58'51.28"N, 91°43'21.95"W also has a horizontal pyranometer.  The fifth site is in a 
PVWatts grid immediately to the west of the original site.  It is located at 37°42'42.12"N, 
92° 8'44.91"W and has horizontal and 38° fixed pyranometers.  Table 4 provides 
additional information about the off-site pyranometers and Figure 4 is a map of the area 





 The best fit line between PVWatts predicted radiation (EPRE kWh/m2) and 
observed radiation (EPYR kWh/m2) was determined as shown on Figure 5, and the 
equations of the line for all of the data sites was 
 
 𝐸𝑃𝑌𝑅 = 0.774 ∗ 𝐸𝑃𝑅𝐸 + 0.257 (1) 
 
where the coefficient of determination (R2) value was 0.784.  Using only data from the 
nearest pyranometers (Sites 1 through 3) the R2 value was slightly higher (R2 = 0.788), 
and the equation of the best fit line was   
 
 𝐸𝑃𝑌𝑅 = 0.809 ∗ 𝐸𝑃𝑅𝐸 + 0.096 (2) 
 
 Given these relationships between expected and observed radiations, a model for 
predicting future radiation in the area was developed. Regression methods for a given 
time interval are based on the assumption that the predicted value of the dependent 
variable is a function of the independent values (Perea et al. 2011).  In this case, the 
independent values are the solar radiation data output from PVWatts Version 2 and the 
dependent variable is the actual solar radiation values observed at the sites.  A conditional 
probability formula was developed for the modeled determination of the daily average 
(per month) EPYR given the daily average EPRE.  Conditional probability can be 
determined by fitting a dataset to a probability distribution with a conditional mean 
(Elmore and Gallagher 2009).  The probability distribution function (PDFs) between 
correlations can be determined using the best fit distribution of the perturbation of the 
21 
 
modeled equations.  PDFs show the probability that given the best fit line, a random 
variable will fall within (or outside of) the 95% confidence interval of a selected, best-fit 
perturbation distribution.  A probability plot analysis for the determination of EPRE given 
a conditional mean showed that the data fit a normal PDF with a P-Value of 0.289.  The 
data from the most local sites (Sites 1 through 3) returned a P-Value of 0.275 for a 
normal PDF. 
 
 The observed radiation at the site is an indicator of the volume of water that will 
be extracted from a solar-powered PNT system.  The volume of water extracted (VW) was 
empirically evaluated as a function of the observed radiation measured by the DERT 
Fund site’s pyranometer: 
 
 𝑉𝑊 = 𝑓(𝐸𝑃𝑌𝑅(𝐸𝑃𝑅𝐸)) (3) 
 
 Monthly averages of the observed data were calculated for comparison to monthly 
averages provided by PVWatts Version 2.  The relationship between the monthly 
averages of observed radiation versus the monthly averages of water pumped returned a 
non-linear best fit line given by the equation 
 






where VW is in m3 and EPYR is in kWh and the R2 value was 0.659.  The best fit analysis 
only included the data where the system was fully operational without interruption from 
previously mentioned circumstances. 
 
 Substituting Equations 1or 2 into Equation 3 to estimate Vw is subsequently 
referred to as the “short-form” approach in this paper.  A “long-form” approach for 
estimating VW that accounted for energy observed (EPYR), energy collected (EPV), and 
energy consumed (EPUMP) was also developed.   That is, the volume of water extracted 
(and treated) is a function of the amount of energy consumed by the pump, which is a 
function of the amount of energy collected by the PV array, which is a function of the 
amount of energy observed by the pyranometer, which has already been characterized as 
being linearly related to the PVWatts Version 2 predicted energy values.  This is 
represented mathematically by  
 
 𝑉𝑊 = 𝑓(𝐸𝑃𝑈𝑀𝑃(𝐸𝑃𝑉(𝐸𝑃𝑌𝑅(𝐸𝑃𝑅𝐸)))) (5) 
 
 The relationship between the amount of energy measured at the DERT Fund site 
with the pyranometer (EPYR) compared to the amount of energy collected by the array 
(EPV) was found to fit the line with the following equation 
 





where the units of the variables are kWh and the R2 value was 0.809.  The PV module 
efficiency is rated at 14.4% by the manufacturer so the amount of energy collected is 
actually the amount of energy observed multiplied by the efficiency rating.  Also, the use 
of a linear current booster instead of batteries implies that energy to power the pump is 
only extracted from the PV array when needed for operation so any extra solar energy 
available for production is lost.  Conversely if sufficient solar energy is not available the 
pump is not able to operate.  Kou et al. (1998) terms this level of sufficient energy the 
“radiation threshold” and it depends on the characteristics of the system.  The radiation 
threshold for this system was found to be 0.05 kWh/m2.  As long as the system maintains 
itself at or above the radiation threshold, the pump will continue to operate, pulling the 
necessary amount of power.  A theoretical system with unlimited and constant storage 
would see a strong relationship between EPYR and EPV because the energy produced by 
the PV panels, EPV, should equal the product of the efficiency and the radiation striking 
the panels (EPYR).  However, the EPV values observed during this project were less than 
25% of the theoretical EPV values.  This can be largely attributed to the low flowrates 
generated by the pump which were in turn a function of the low well yield.  Therefore, 
the overall system efficiency was lower than expected because the pump did not use all 
of the available energy and the excess energy was not stored in batteries or other devices. 
 
 The equation of the best fit line between the energy collected at the PV array and 
the energy consumed by the pump was  
 
 𝐸𝑃𝑈𝑀𝑃 = 0.887 ∗ (𝐸𝑃𝑉) − 0.079 (7) 
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where the units of the variables are kWh and the R2 value was 0.992.  The losses in the 
transition between energy from the array and pump can be attributed to the pump’s 
efficiency or any of the electrical deration factors as recognized by PVWatts model. 
 
 The relationship between the energy consumed by the pump and volume pumped 
best fit the non-linear equation  
 
 𝑉𝑊 = 0.112 ∗ 𝐸𝑋𝑃(2.30 ∗ 𝐸𝑃𝑈𝑀𝑃) (8) 
 
where VW is in m3 and EPYR is in kWh, and the R2 value was 0.933.  Losses due to 
pumping head or friction would occur at this point in the energy transformation. 
 
 The short-form and long-form approaches, shown in Figure 6, represent the 
difference between using solar radiation and pump energy as pumping performance 
indicators.    
 
1.4.3.  Performance Prediction 
 Due to the unpredictability of ground water, Monte Carlo simulations are a 
popular method for the estimation of aquifer responses given particular spatial variability 
(Mantoglou and Kourakos 2007; Ko and Lee 2010).  A model was developed using a 
Monte Carlo simulation and given predicted PVWatts Version 2 solar radiation data for 
any given month.  Stochastic models were developed to predict the quantity of water that 
would be pumped given the PVWatts-predicted solar radiation and the conditional 
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probabilities for EPYR and VW.  Specifically, Monte Carlo simulation consists of the 
repetitive solution of a governing equation using different values (or realizations) of 
random independent variables.  The set of calculated VW values is called the output 
ensemble, and VW will be randomly distributed. 
 
 The Monte Carlo simulation was conducted using both the short- and long-form 
methods described above.  The random variables EPYR and VW were characterized as 
independent using the Pearson correlation. 
 
 Simulations were conducted for both short- and long-form models using all 
pyranometer data and using only pyranometer data from Sites 1 through 3, for a total of 
four simulations.  Figure 7 compares the Monte Carlo results to the results observed at 
the DERT Fund site.  A high probability result indicates that the model under-predicted 
the observed value for that random variable and vice versa.  Four of the seven observed 
values of VW fell within the central range of the cumulative probabilities (25 to 75%) for 
both sets of pyranometer data using the short-form model.  The number of VW values 
within the central cumulative probability range improved by one with the long-form 
model, but the observations were clustered nearer that range.  Less than one-half of the 
EPYR values were within the central cumulative probability range, and there was no 
significant difference given the pyranometer dataset used or the short or long form model 





1.5.  CONCLUSIONS 
 Neither pyranometer data set not model was particularly good at predicting solar 
radiation.  The long-form model was better at predicting Vw values for both sets of 
pyranometer data.   
 
 The results also show that PNT can be impacted by other remediation activities.  
One would expect the PV-based performance to be roughly symmetrical around the 
summer solstice based on increasing/decreasing daylight.  However the weekly volumes 
of water pumped showed an almost step-function decrease after the summer solstice 
meaning that aquifer parameters, especially yield, dominate the well production.  The 
results of this project show that there were sufficient quantities of electrical power 
available to pump a significantly higher volume of water.  This low water production is 
best attributed to the impact of competing remediation activities at the site.  Still, the 
results of the long-form conditional mean analyses were significantly robust to account 
for the reduced flowrates. 
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1.7.  NOTATION 
H = head 
I = current 
EPRE = energy predicted by PVWatts Version 2 
EPUMP = energy consumed by pump 
EPV = energy collected by PV array 
EPYR = energy observed at PV array 
P = power 
P-Value = probability that a test statistic will fall within the null hypothesis 
Q = flowrate 
R2 = coefficient of determination; how well a regression line approaches the actual data 
V = voltage 
VW = volume of water pumped 
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Figure 1. DERT Fund site with remediation system. 
 
 
Figure 2. A one line diagram showing the PV system.  The open circles represent sensors 
















Figure 3. Weekly volume of water extracted. Areas of low performance observed in 






























Table 1. Estimated volume of water to be remediated. 







Jan 26 133,000 34 
Feb 25 128,000 34 
Mar 33 169,000 34 
Apr 36 185,000 34 
May 33 169,000 34 
Jun 35 179,000 34 
Jul 36 185,000 34 
Aug 35 179,000 34 
Sep 33 169,000 34 
Oct 32 164,000 34 
Nov 23 118,000 34 
Dec 22 113,000 34 
Average 31 158,000 34 
 
 
Table 2. Volume of water remediated. 







Feb 1.11 1,160 0.288 
Mar 26.2 18,100 0.832 
Apr 28.2 23,900 1.01 
May 33.5 31,100 1.32 
Jun 36.0 30,800 1.24 
Jul 27.4 9,970 0.560 
Aug 27.1 19,300 1.14 
Sep 29.6 16,900 0.867 
Oct 13.3 8,060 0.889 
Average 24.7 17,700 0.907 
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Table 3. Predicted radiation values compared to observed values at Site 1 (DERT Fund 
Site). 
Month EPRE (kWh/m2/day) 
EPYR 
(kWh/m2/day) 
Mar 6.09 3.96 
Apr 7.24 5.35 
May 7 5.98 
Jun 7.77 6.38 
Jul 7.79 6.88 
Aug 7.5 6.14 
Sep 6.74 6.01 
Oct 5.87 5.99 
 
 
Table 4. Characteristics of pyranometers.  
ID Elevation (m) 
Distance from 






Site 1 (DERT Fund) 339 -- 35 1-axis 
Site 2 356 0.61 38 No 
Site 3 355 1.68 0 No 
Site 4 365 4.91 0 No 
Site 5a 346 42.82 38 No 


















The aerial view of the DERT Fund site illustrating locations of monitoring wells and dry 







A schematic drawing showing the flow of ground water through the system. 
 
 












The volume of VOCs removed from MW-10B.  (Note: bars are stacked, not overlain.) 
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The concentration of PCE observed from the nearly-weekly sampling events. 
Date 




















2/18/2011 4000           
2/28/2011 13500           
3/10/2011 12800           
3/17/2011 12700 ND ND ND     
3/22/2011 12300 ND   ND 3010   
3/29/2011 17500   ND ND     
4/8/2011 12600 5   ND 1260   
4/14/2011 17000   ND ND     
4/21/2011 5060 13   16.9     
4/28/2011 18900   5.3 ND     
5/6/2011 14600 9.2   26.7 23.3   
5/12/2011 17200   13.9 8.2     
5/20/2011 11500   N/A N/A     
5/27/2011 19300 13.1   21.6     
6/2/2011 18400   14.9 78.9     
6/8/2011 18400 9   23.7     
6/16/2011 15400   ND ND     
6/23/2011 15400           
6/30/2011 6040           
7/6/2011 7270           
7/12/2011         ND ND 
7/15/2011 2740           
7/21/2011 13400           
7/28/2011 10300           
8/8/2011 7820 ND   ND     
8/18/2011 12800           
8/26/2011 ND           
9/2/2011 16100           
9/7/2011 17900           
9/21/2011 19700           
10/5/2011 19100           






The concentration of TCE observed from the nearly-weekly sampling events. 
Date 




















2/18/2011 4620           
2/28/2011 4120           
3/10/2011 3960           
3/17/2011 2290 ND ND ND     
3/22/2011 2750 ND   ND 918   
3/29/2011 3440   ND ND     
4/8/2011 2280 ND   ND 364   
4/14/2011 2140   ND ND     
4/21/2011 ND ND   ND     
4/28/2011 2280   ND ND     
5/6/2011 1760 ND   ND ND   
5/12/2011 1930   ND ND     
5/20/2011 1350   N/A N/A     
5/28/2011 1930 ND   ND     
6/2/2011 2030   ND 5.9     
6/8/2011 1890 ND   ND     
6/16/2011 1820 ND   ND     
6/23/2011 1640           
6/30/2011 10900           
7/6/2011 8560           
7/12/2011         ND ND 
7/15/2011 9540           
7/21/2011 4150           
7/28/2011 4340           
8/8/2011 2440 ND   ND     
8/18/2011 3390           
8/28/2011 ND           
9/2/2011 3090           
9/7/2011 3120           
9/21/2011 3130           
10/5/2011 2740           





The concentration of cis-1,2-Dichloroethene observed from the nearly-weekly sampling 
events. 
Date 




















2/18/2011 7710           
2/28/2011 9360           
3/10/2011 7280           
3/17/2011 5070 ND ND ND     
3/22/2011 6310 ND   ND 2370   
3/29/2011 7380   ND ND     
4/8/2011 4640 ND   ND 886   
4/14/2011 3170   ND ND     
4/21/2011 2000 ND   ND     
4/28/2011 3410   ND ND     
5/6/2011 2650 ND   ND ND   
5/12/2011 3260   ND ND     
5/20/2011 2680   N/A N/A     
5/28/2011 2650 ND   ND     
6/2/2011 2770   ND ND     
6/8/2011 2660 ND   ND     
6/16/2011 2910 ND   ND     
6/23/2011 2720           
6/30/2011 7710           
7/6/2011 8540           
7/12/2011         ND ND 
7/15/2011 10700           
7/21/2011 11700           
7/28/2011 14100           
8/8/2011 4830 ND   ND     
8/18/2011 7220           
8/28/2011 ND           
9/2/2011 4920           
9/7/2011 4480           
9/21/2011 4520           
10/5/2011 3860           





The concentration of vinyl chloride observed from the nearly-weekly sampling events. 
Date 




















2/18/2011 ND           
2/28/2011 ND           
3/10/2011 114           
3/17/2011 ND ND ND ND 
  3/22/2011 ND ND   ND ND 
 3/29/2011 ND   ND ND 
  4/8/2011 ND ND   ND ND 
 4/14/2011 ND   ND ND 
  4/21/2011 ND ND   ND 
  4/28/2011 ND   ND ND 
  5/6/2011 ND ND   ND ND 
 5/12/2011 ND   ND ND 
  5/20/2011 ND   N/A N/A 
  5/28/2011 ND ND   ND 
  6/2/2011 ND   ND ND 
  6/8/2011 ND ND   ND 
  6/16/2011 ND ND   ND 
  6/23/2011 ND     
   6/30/2011 ND     
   7/6/2011 ND     
   7/12/2011       
 
ND ND 
7/15/2011 ND     
   7/21/2011 224     
   7/28/2011 224     
   8/8/2011 ND ND   ND 
  8/18/2011 ND           
8/28/2011 ND           
9/2/2011 ND           
9/7/2011 ND           
9/21/2011 ND           
10/5/2011 ND           








































































Mar-11 4.98 3.34 
Apr-11 7.24 5.35 Apr-11 5.63 4.38 
May-11 7 5.98 May-11 5.4 5.14 
June-11 7.77 6.38 June-11 5.91 6.28 
July-11 7.79 6.88 July-11 5.92 6.38 
Aug-11 7.5 6.14 Aug-11 5.76 5.39 
Sept-11 6.74 5.98 Sept-11 5.37 4.56 










May-09 5.7 4.78 Dec-10 1.92 1.40 
June-09 6.5 5.23 Jan-11 2.19 1.74 
July-09 6.35 4.41 Feb-11 2.89 2.16 
Aug-09 5.65 4.41 Mar-11 4.12 2.45 
Sept-09 4.57 3.04 Apr-11 5.35 3.50 
Oct-09 3.53 2.29 May-11 5.7 3.91 
Nov-09 2.33 2.33 June-11 6.5 4.29 
Dec-09 1.92 1.67 July-11 6.35 4.37 
Jan-10 2.19 1.86 Aug-11 5.65 3.47 





Nov-10 3.85 4.64 
Mar-10 4.12 2.55 Dec-10 3.46 3.61 
Apr-10 5.35 3.94 Jan-11 3.76 3.69 
May-10 5.7 3.68 Feb-11 4.16 4.12 
June-10 6.5 4.25 Mar-11 5.12 4.15 
Oct-10 3.53 3.76 Apr-11 5.85 4.84 
Nov-10 2.33 2.46 May-11 5.65 4.74 
Dec-10 1.92 1.63 June-11 6.09 5.70 
Jan-11 2.19 2.05 July-11 6.09 6.11 
Feb-11 2.89 2.55 Aug-11 5.92 5.46 





Nov-10 2.43 2.66 
Apr-11 5.35 3.79 Dec-10 2.00 1.99 
May-11 5.7 4.08 Jan-11 2.25 2.19 
June-11 6.5 5.41 Feb-11 2.95 2.74 
July-11 6.35 5.93 Mar-11 4.22 3.32 
Aug-11 5.65 4.97 Apr-11 5.55 4.41 
Sept-11 4.57 4.05 May-11 5.98 4.61 
    
June-11 6.72 5.21 
    
July-11 6.55 5.48 
    






















(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
2/24/2011 0.5349 0.5022 0.1245 0.0360 335.05 
2/25/2011 0.7704 0.7233 0.1590 0.0509 9.01 
2/26/2011 0.8927 0.8381 0.1914 0.0696 46.86 
2/27/2011 1.7908 
    2/28/2011 5.8639 
    3/1/2011 7.8306 7.3520 1.5857 1.4331 381.53 
3/2/2011 6.4821 6.0859 1.3538 1.2004 489.78 
3/3/2011 5.3356 5.0094 1.1634 1.0238 422.18 
3/4/2011 2.3334 2.1908 0.7043 0.5219 322.86 
3/5/2011 0.5947 0.5584 0.2829 0.1877 243.53 
3/6/2011 6.0521 5.6822 1.2704 1.0594 389.10 
3/7/2011 2.4157 2.2680 0.9109 0.6574 415.97 
3/8/2011 0.4564 0.4285 0.2150 0.1217 186.75 
3/9/2011 0.4809 0.4515 0.2215 0.1302 166.58 
3/10/2011 3.2812 3.0807 0.8931 0.6879 423.35 
3/11/2011 8.1846 7.6844 1.4828 1.3290 365.14 
3/12/2011 7.8895 7.4073 1.4487 1.2723 417.41 
3/13/2011 4.5901 4.3096 1.1458 0.9973 903.40 
3/14/2011 0.4473 
    3/15/2011 5.7133 5.3641 1.1298 0.9804 842.69 
3/16/2011 6.9625 6.5370 1.2862 1.1029 962.71 
3/17/2011 7.4508 6.9954 1.3259 1.1667 991.29 
3/18/2011 1.0690 1.0037 0.4403 0.2985 786.83 
3/19/2011 2.7106 2.5449 0.8590 0.6529 800.75 
3/20/2011 7.0547 6.6235 1.3052 1.1634 973.12 
3/21/2011 5.3650 5.0371 1.1263 0.9849 942.01 
3/22/2011 1.7707 1.6624 0.5042 0.3757 668.36 
3/23/2011 8.8188 8.2798 1.3290 1.1830 987.66 
3/24/2011 4.4844 4.2103 1.1376 0.8687 1026.79 
3/25/2011 1.0203 0.9579 0.4964 0.2574 836.22 
3/26/2011 0.4222 0.3964 0.1753 0.0654 578.61 
3/27/2011 3.2137 3.0173 0.8694 0.6525 578.58 
3/28/2011 4.5016 4.2265 0.9676 0.7909 863.36 
3/29/2011 1.2124 
    3/30/2011 1.9952 
    3/31/2011 2.6484 
    4/1/2011 6.3680 
    4/2/2011 8.3662 
    4/3/2011 8.0032 
    4/4/2011 1.3102 
    4/5/2011 9.1875 







(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
4/6/2011 7.8589 
    4/7/2011 3.7855 
    4/8/2011 6.5765 6.1745 1.1985 1.0337 731.87 
4/9/2011 8.1358 7.6386 1.3535 1.1891 815.67 
4/10/2011 4.8501 4.5537 1.1018 0.8798 836.07 
4/11/2011 4.4909 4.2165 1.1349 0.9311 846.14 
4/12/2011 9.2808 
    4/13/2011 8.4075 
    4/14/2011 7.5313 7.0710 1.3688 1.1991 936.94 
4/15/2011 2.1592 2.0272 0.7341 0.5067 966.99 
4/16/2011 4.4158 4.1459 0.9612 0.7694 1274.64 
4/17/2011 6.8678 6.4480 1.3824 1.1804 757.38 
4/18/2011 4.0078 3.7629 1.0230 0.8156 753.22 
4/19/2011 5.0576 4.7485 1.0678 0.9143 927.33 
4/20/2011 4.8144 
    4/21/2011 5.3967 
    4/22/2011 2.8931 2.7162 0.7074 0.5312 881.15 
4/23/2011 1.7898 1.6804 0.5412 0.3716 488.27 
4/24/2011 0.8168 0.7668 0.3625 0.2288 803.93 
4/25/2011 0.6699 0.6289 0.3002 0.1397 423.16 
4/26/2011 5.7771 5.4240 1.0348 0.8532 1118.47 
4/27/2011 0.5233 0.4913 0.2268 0.1166 274.03 
4/28/2011 7.5672 7.1047 1.2719 1.0903 1221.42 
4/29/2011 9.0244 8.4728 1.3982 1.2222 1135.88 
4/30/2011 4.5672 4.2880 1.0868 0.8302 1129.07 
5/1/2011 2.5307 2.3761 0.7945 0.5843 871.31 
5/2/2011 1.1678 1.0964 0.5205 0.2987 1147.99 
5/3/2011 8.5549 8.0321 1.4166 1.2313 1026.98 
5/4/2011 8.9034 8.3592 1.4315 1.2529 1098.29 
5/5/2011 5.3870 5.0578 1.0403 0.8792 885.31 
5/6/2011 8.8179 8.2789 1.3947 1.2151 1163.13 
5/7/2011 6.9535 6.5285 1.1571 1.0144 964.80 
5/8/2011 8.4903 7.9713 1.3729 1.1867 1251.70 
5/9/2011 5.4171 5.0860 0.9595 0.7980 831.19 
5/27/2011 2.7570 2.5885 0.9369 0.6122 1332.32 
5/28/2011 2.5388 2.3836 0.7491 0.5421 1087.81 
5/29/2011 8.3912 7.8783 1.3894 1.1891 1293.71 
5/30/2011 8.3858 7.8732 1.4482 1.2376 1394.02 
5/31/2011 5.4556 5.1221 1.2783 0.9478 1450.79 
6/1/2011 7.2190 6.7778 1.3368 1.1228 1277.82 







(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
6/3/2011 7.8883 7.4061 1.3702 1.1801 1185.84 
6/4/2011 8.2109 7.7091 1.4024 1.1986 1264.95 
6/5/2011 7.6950 7.2247 1.3993 1.1911 1290.31 
6/6/2011 7.8672 7.3864 1.3927 1.1810 1260.41 
6/7/2011 7.8573 7.3770 1.3837 1.1868 1238.07 
6/8/2011 7.6497 7.1822 1.3934 1.1749 1247.16 
6/9/2011 7.2594 6.8157 1.3573 1.1428 1157.45 
6/10/2011 6.4962 6.0992 1.2468 1.0498 1183.57 
6/11/2011 2.9039 2.7264 1.0235 0.6352 1288.04 
6/12/2011 5.0101 4.7039 1.1528 0.8552 1361.09 
6/13/2011 1.1313 1.0621 0.4188 0.2417 835.35 
6/14/2011 2.5728 2.4155 0.7843 0.5438 1079.86 
6/15/2011 7.8243 7.3461 1.2977 1.1075 1141.18 
6/16/2011 4.6808 4.3947 1.3164 0.9773 1355.03 
6/17/2011 4.4521 4.1800 1.0722 0.8083 1210.82 
6/18/2011 7.3054 6.8589 1.1832 1.0034 1154.43 
6/19/2011 5.7412 5.3903 1.1114 0.8936 1303.93 
6/20/2011 7.4298 6.9757 1.2834 1.0881 1194.55 
6/21/2011 6.5207 6.1221 1.1876 0.9761 1130.20 
6/22/2011 8.0071 7.5177 1.2979 1.0788 1047.31 
6/23/2011 8.4024 7.8889 1.3531 1.1434 1091.59 
6/24/2011 6.2867 5.9024 1.0511 0.8569 1022.71 
6/25/2011 4.3898 4.1215 1.0871 0.8205 461.39 
6/26/2011 7.1393 6.7030 1.2516 1.0369 346.71 
6/27/2011 5.1404 4.8263 0.9618 0.7923 148.75 
6/28/2011 7.2542 6.8109 1.1657 0.9384 333.08 
6/29/2011 7.9306 7.4459 1.2825 1.0785 479.18 
6/30/2011 7.1905 6.7510 1.2416 1.0135 577.21 
7/1/2011 7.5424 7.0814 1.3069 1.0734 528.39 
7/2/2011 7.5664 7.1039 1.2287 1.0502 525.36 
7/3/2011 5.7761 5.4230 1.0037 0.8308 365.63 
7/4/2011 6.0743 5.7031 1.2560 1.0005 565.86 
7/5/2011 6.6297 6.2245 1.1884 0.9546 607.11 
7/6/2011 6.1586 5.7822 1.1633 0.9491 538.98 
7/7/2011 2.8916 2.7148 1.1138 0.6047 794.85 
7/8/2011 7.1602 6.7226 1.1763 0.9624 593.49 
7/9/2011 7.8996 7.4168 1.3059 1.0956 555.26 
7/10/2011 7.6661 7.1975 1.2551 1.0445 523.47 
7/11/2011 7.6534 7.1856 1.2220 1.0456 478.42 
7/12/2011 7.8251 
    7/13/2011 5.1969 







(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
7/14/2011 5.7107 
    7/15/2011 7.6000 
    7/16/2011 6.7967 
    7/17/2011 6.7772 
    7/18/2011 7.9968 
    7/19/2011 7.9447 
    7/20/2011 8.1321 
    7/21/2011 7.8342 7.3554 1.2796 1.0822 475.02 
7/22/2011 7.5452 7.0840 1.3076 1.0935 576.46 
7/23/2011 6.3248 5.9382 1.1060 0.8875 525.74 
7/24/2011 3.8310 3.5969 0.8193 0.5181 350.87 
7/25/2011 7.5651 7.1027 1.2355 1.0157 535.20 
7/26/2011 8.0207 
    7/27/2011 7.9403 
    7/28/2011 8.1890 
    7/29/2011 6.6836 
    7/30/2011 4.8397 
    7/31/2011 7.4738 
    8/1/2011 8.2958 7.7888 1.3052 1.0844 944.36 
8/2/2011 3.3437 3.1393 0.7298 0.5621 948.90 
8/3/2011 7.5916 7.1276 1.2756 1.0773 850.49 
8/4/2011 1.8481 1.7352 0.6676 0.3425 631.72 
8/5/2011 2.1724 2.0396 0.6863 0.4285 566.24 
8/6/2011 4.9319 4.6304 1.0528 0.6997 680.16 
8/7/2011 7.4762 7.0193 1.2311 0.9979 803.93 
8/8/2011 2.7271 
    8/9/2011 8.0824 
    8/10/2011 5.4936 
    8/11/2011 6.4373 
    8/12/2011 5.0172 4.7105 0.9243 0.6901 623.39 
8/13/2011 6.9217 6.4986 1.1846 0.9230 876.61 
8/14/2011 7.7357 7.2629 1.3103 1.0631 878.12 
8/15/2011 3.1760 2.9819 1.1151 0.6096 785.77 
8/16/2011 2.0111 1.8882 0.7699 0.4085 825.89 
8/17/2011 5.2352 
    8/18/2011 8.2835 
    8/19/2011 7.2837 
    8/20/2011 3.9426 
    8/21/2011 8.3347 
    8/22/2011 4.6313 4.3482 1.1899 0.9304 689.25 







(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
8/24/2011 7.9426 7.4572 1.2486 1.0369 614.31 
8/25/2011 9.1284 
    8/26/2011 8.4114 
    8/27/2011 8.2023 
    8/28/2011 7.7139 
    8/29/2011 7.2831 6.8379 1.0616 0.8747 636.26 
8/30/2011 5.8235 5.4675 1.0545 0.8929 533.69 
8/31/2011 6.8954 6.4740 1.1099 0.9627 635.12 
9/1/2011 7.7944 7.3180 1.1930 1.0295 584.03 
9/2/2011 7.9801 7.4924 1.2132 1.0587 591.97 
9/3/2011 7.8313 7.3526 1.1807 1.0042 614.68 
9/4/2011 3.9506 3.7091 0.8374 0.6334 566.24 
9/5/2011 9.1702 8.6097 1.2643 1.1013 601.06 
9/6/2011 9.4691 8.8904 1.2764 1.1034 565.10 
9/7/2011 9.1476 8.5885 1.2533 1.0938 593.87 
9/8/2011 8.5189 7.9982 1.2549 1.0896 604.09 
9/9/2011 4.4502 4.1782 1.0396 0.8112 605.60 
9/10/2011 3.7089 3.4822 0.9373 0.7230 617.33 
9/11/2011 7.0503 6.6194 1.1071 0.9369 576.08 
9/12/2011 8.8678 8.3258 1.2167 1.0554 592.35 
9/13/2011 8.1489 7.6508 1.1844 0.9968 528.39 
9/14/2011 0.6224 0.5843 0.2025 0.1110 291.07 
9/15/2011 6.1112 5.7377 1.0870 0.9311 655.94 
9/16/2011 3.1138 2.9235 0.8292 0.5745 693.79 
9/17/2011 1.1122 
    9/18/2011 1.2189 
    9/19/2011 3.0165 2.8322 0.7785 0.5113 749.81 
9/20/2011 8.4084 7.8945 1.1370 0.9726 607.49 
9/21/2011 8.2171 7.7149 1.1186 0.9485 596.14 
9/22/2011 1.5070 1.4149 0.5468 0.2846 601.06 
9/23/2011 4.6617 4.3767 0.8407 0.6999 602.19 
9/24/2011 7.1658 6.7278 1.0042 0.8606 607.87 
9/25/2011 6.9622 6.5367 1.0610 0.9107 566.61 
9/26/2011 7.5486 7.0872 1.0803 0.9212 612.41 
9/27/2011 4.9320 4.6306 0.8915 0.6735 676.00 
9/28/2011 6.8734 6.4533 0.9882 0.8370 562.07 
9/29/2011 7.8950 7.4124 1.0328 0.8860 540.88 
9/30/2011 8.3170 7.8087 1.0735 0.9475 514.76 
10/1/2011 8.4900 7.9711 1.0677 0.9141 536.71 
10/2/2011 8.2665 7.7612 1.0011 0.8728 520.82 







(kWh) EPV (kWh) 
EPUMP 
(kWh) VW (L) 
10/4/2011 7.9098 7.4264 1.0050 0.8580 545.42 
10/5/2011 7.8130 7.3355 1.0130 0.8859 567.75 
10/6/2011 7.5105 7.0514 1.0156 0.8844 575.32 
10/7/2011 7.6478 7.1803 1.0044 0.8924 561.32 
10/8/2011 7.6195 
    10/9/2011 7.5049 
    10/10/2011 5.5647 
    10/11/2011 4.1234 3.8714 0.7515 0.5686 578.73 
10/12/2011 1.7595 1.6520 0.6290 0.3462 781.60 
10/13/2011 7.5570 7.0951 0.9558 0.8264 498.11 




















1.  INTRODUCTION 
 Included with this thesis is a CD-ROM, which contains the Monte Carlo simulations 
of all four models.  Each simulation was developed using Oracle Crystal Ball.  All documents 
have been prepared as Microsoft Excel document files (Windows 2007).  An outline of the 
contents of the CD-ROM is as follows. 
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Crystal Ball Report - Long-form, All Pyranometers Model Simulation
Run preferences:





   Confidence level 95.00%
Run statistics:
Total running time (sec) 1.01
Trials/second (average) 9,863
Random numbers per sec 167,676
Crystal Ball data:
Assumptions 17
   Correlations 0









Entire range is from 2.68 to 7.36
Base case is 5.62













































Entire range is from 0.17 to 2.16
Base case is 0.81














































Entire range is from 3.43 to 8.19
Base case is 6.51













































Entire range is from 0.19 to 3.43
Base case is 1.06














































Entire range is from 3.33 to 8.41
Base case is 6.33













































Entire range is from 0.10 to 7.48
Base case is 1.00














































Entire range is from 3.91 to 9.11
Base case is 6.92













































Entire range is from 0.21 to 4.27
Base case is 1.19














































Entire range is from 3.50 to 8.54
Base case is 6.71













































Entire range is from 0.07 to 6.04
Base case is 1.12














































Entire range is from 2.71 to 8.37
Base case is 6.12













































Entire range is from 0.00 to 1,873.95
Base case is 0.94














































Entire range is from 2.28 to 7.50
Base case is 5.45













































Entire range is from 0.14 to 2.13
Base case is 0.77














































Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4054 0.4050
Minimum -0.96 -Infinity
Maximum 5.08 Infinity
Range Width 6.05 ---
Mean Std. Error 0.01 ---
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1382 0.1375
Minimum 0.51 -Infinity
Maximum 1.55 Infinity
Range Width 1.04 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4040 0.4050
Minimum -1.15 -Infinity
Maximum 5.01 Infinity
Range Width 6.16 ---
Mean Std. Error 0.01 ---
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1379 0.1400
Minimum 0.49 -Infinity
Maximum 1.54 Infinity
Range Width 1.05 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4053 0.4050
Minimum -1.03 -Infinity
Maximum 5.53 Infinity
Range Width 6.56 ---
Mean Std. Error 0.01 ---
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2483 0.2500
Minimum 0.05 -Infinity
Maximum 1.95 Infinity
Range Width 1.91 ---
Mean Std. Error 0.00 ---
























Assumption: Perturbation Water Extracted (m3/day) (H2)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1410 0.1400
Minimum 0.51 -Infinity
Maximum 1.49 Infinity
Range Width 0.98 ---
Mean Std. Error 0.00 ---
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Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4007 0.4050
Minimum -1.06 -Infinity
Maximum 5.67 Infinity
Range Width 6.72 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1385 0.1400
Minimum 0.45 -Infinity
Maximum 1.53 Infinity
Range Width 1.09 ---
Mean Std. Error 0.00 ---
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4097 0.4050
Minimum -1.31 -Infinity
Maximum 5.20 Infinity
Range Width 6.51 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.25
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2524 0.2500
Minimum 0.05 -Infinity
Maximum 2.05 Infinity
Range Width 2.00 ---
Mean Std. Error 0.00 ---
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day) (H2)





Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1390 0.1400
Minimum 0.49 -Infinity
Maximum 1.50 Infinity
Range Width 1.01 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4055 0.4050
Minimum -1.57 -Infinity
Maximum 5.74 Infinity
Range Width 7.31 ---
Mean Std. Error 0.01 ---
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2483 0.2500
Minimum -0.05 -Infinity
Maximum 2.18 Infinity
Range Width 2.23 ---
Mean Std. Error 0.00 ---
























Assumption: Perturbation Water Extracted (m3/day) (H2)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.8077 0.8100
Minimum -1.92 -Infinity
Maximum 4.45 Infinity
Range Width 6.37 ---
Mean Std. Error 0.01 ---
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Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4067 0.4050
Minimum -1.26 -Infinity
Maximum 5.49 Infinity
Range Width 6.75 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1411 0.1400
Minimum 0.46 -Infinity
Maximum 1.58 Infinity
Range Width 1.12 ---
Mean Std. Error 0.00 ---
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)

























Crystal Ball Report - Long-form, Pyranometers 1-3 Model Simulation
Run preferences:





   Confidence level 95.00%
Run statistics:
Total running time (sec) 0.60
Trials/second (average) 16,708
Random numbers per sec 284,039
Crystal Ball data:
Assumptions 17
   Correlations 0









Entire range is from 2.66 to 7.09
Base case is 5.62













































Entire range is from 0.17 to 2.27
Base case is 0.81














































Entire range is from 3.56 to 8.12
Base case is 6.51













































Entire range is from 0.18 to 3.46
Base case is 1.06














































Entire range is from 3.48 to 7.88
Base case is 6.33













































Entire range is from 0.08 to 5.76
Base case is 1.00














































Entire range is from 4.17 to 8.52
Base case is 6.92













































Entire range is from 0.22 to 4.37
Base case is 1.19














































Entire range is from 3.69 to 8.45
Base case is 6.71













































Entire range is from 0.06 to 6.36
Base case is 1.12














































Entire range is from 3.12 to 7.99
Base case is 6.12













































Entire range is from 0.00 to 2,006.05
Base case is 0.94














































Entire range is from 2.22 to 6.93
Base case is 5.45













































Entire range is from 0.10 to 2.51
Base case is 0.77














































Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3926 0.3950
Minimum -0.98 -Infinity
Maximum 4.73 Infinity
Range Width 5.71 ---
Mean Std. Error 0.01 ---
Long-form (local).xlsx
Page 31
Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1379 0.1375
Minimum 0.47 -Infinity
Maximum 1.61 Infinity
Range Width 1.14 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3893 0.3950
Minimum -0.97 -Infinity
Maximum 4.91 Infinity
Range Width 5.88 ---
Mean Std. Error 0.01 ---
Long-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1413 0.1400
Minimum 0.40 -Infinity
Maximum 1.54 Infinity
Range Width 1.14 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3938 0.3950
Minimum -0.84 -Infinity
Maximum 4.85 Infinity
Range Width 5.69 ---
Mean Std. Error 0.01 ---
Long-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2491 0.2500
Minimum -0.05 -Infinity
Maximum 1.97 Infinity
Range Width 2.01 ---
Mean Std. Error 0.00 ---
























Assumption: Perturbation Water Extracted (m3/day) (H2)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1410 0.1400
Minimum 0.46 -Infinity
Maximum 1.72 Infinity
Range Width 1.26 ---
Mean Std. Error 0.00 ---
Long-form (local).xlsx
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Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4005 0.3950
Minimum -0.71 -Infinity
Maximum 4.90 Infinity
Range Width 5.61 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1390 0.1400
Minimum 0.46 -Infinity
Maximum 1.57 Infinity
Range Width 1.11 ---
Mean Std. Error 0.00 ---
Long-form (local).xlsx
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3973 0.3950
Minimum -1.07 -Infinity
Maximum 5.09 Infinity
Range Width 6.15 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.25
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2451 0.2500
Minimum 0.05 -Infinity
Maximum 1.92 Infinity
Range Width 1.87 ---
Mean Std. Error 0.00 ---
Long-form (local).xlsx
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day) (H2)





Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1395 0.1400
Minimum 0.48 -Infinity
Maximum 1.54 Infinity
Range Width 1.06 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3964 0.3950
Minimum -1.04 -Infinity
Maximum 5.25 Infinity
Range Width 6.29 ---
Mean Std. Error 0.01 ---
Long-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2495 0.2500
Minimum 0.00 -Infinity
Maximum 1.93 Infinity
Range Width 1.93 ---
Mean Std. Error 0.00 ---
























Assumption: Perturbation Water Extracted (m3/day) (H2)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.8082 0.8100
Minimum -1.97 -Infinity
Maximum 4.45 Infinity
Range Width 6.41 ---
Mean Std. Error 0.01 ---
Long-form (local).xlsx
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Assumption: Perturbation Water Extracted (m3/day) (H2) (cont'd)























Assumption: Perturbation Observed Radiation (kWh/m2/day)





Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3984 0.3950
Minimum -1.34 -Infinity
Maximum 4.75 Infinity
Range Width 6.08 ---
Mean Std. Error 0.01 ---
























Assumption: Perturbation Water Extracted (m3/day)
Normal distribution with parameters:
Mean 1.00
Std. Dev. 0.14
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.1405 0.1400
Minimum 0.37 -Infinity
Maximum 1.61 Infinity
Range Width 1.24 ---
Mean Std. Error 0.00 ---
Long-form (local).xlsx
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Assumption: Perturbation Water Extracted (m3/day) (cont'd)

























Crystal Ball Report - Short-form, All Pyranometers Model Simulation
Run preferences:





   Confidence level 95.00%
Run statistics:
Total running time (sec) 0.77
Trials/second (average) 12,940
Random numbers per sec 181,160
Crystal Ball data:
Assumptions 14
   Correlations 0









Entire range is from 2.84 to 7.43
Base case is 5.62













































Entire range is from 0.30 to 1.26
Base case is 0.73














































Entire range is from 3.07 to 8.24
Base case is 6.51













































Entire range is from 0.37 to 1.56
Base case is 0.93














































Entire range is from 3.37 to 8.01
Base case is 6.33













































Entire range is from 0.36 to 1.43
Base case is 0.89














































Entire range is from 3.09 to 8.79
Base case is 6.92













































Entire range is from 0.36 to 1.84
Base case is 1.05














































Entire range is from 3.50 to 8.82
Base case is 6.71













































Entire range is from 0.38 to 1.66
Base case is 0.99














































Entire range is from 1.64 to 8.03
Base case is 6.12













































Entire range is from 0.21 to 1.38
Base case is 0.84














































Entire range is from 1.95 to 7.28
Base case is 5.45













































Entire range is from 0.25 to 1.21
Base case is 0.69














































Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4025 0.4050
Minimum -0.75 -Infinity
Maximum 5.18 Infinity
Range Width 5.93 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2403 0.2400
Minimum 0.03 -Infinity
Maximum 1.92 Infinity
Range Width 1.89 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4090 0.4050
Minimum -1.61 -Infinity
Maximum 5.07 Infinity
Range Width 6.68 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2392 0.2400
Minimum -0.03 -Infinity
Maximum 1.90 Infinity
Range Width 1.93 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4030 0.4050
Minimum -0.98 -Infinity
Maximum 5.01 Infinity
Range Width 5.99 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2402 0.2400
Minimum 0.03 -Infinity
Maximum 2.03 Infinity
Range Width 2.00 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4045 0.4050
Minimum -2.12 -Infinity
Maximum 5.26 Infinity
Range Width 7.37 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2389 0.2400
Minimum 0.15 -Infinity
Maximum 1.88 Infinity
Range Width 1.72 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4088 0.4050
Minimum -1.30 -Infinity
Maximum 5.56 Infinity
Range Width 6.87 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2364 0.2400
Minimum 0.14 -Infinity
Maximum 1.88 Infinity
Range Width 1.74 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4073 0.4050
Minimum -2.96 -Infinity
Maximum 5.30 Infinity
Range Width 8.25 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2395 0.2400
Minimum 0.12 -Infinity
Maximum 2.01 Infinity
Range Width 1.89 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.81
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.4039 0.4050
Minimum -1.68 -Infinity
Maximum 5.21 Infinity
Range Width 6.88 ---
Mean Std. Error 0.01 ---
Short-form (all).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2413 0.2400
Minimum 0.19 -Infinity
Maximum 1.90 Infinity
Range Width 1.71 ---
Mean Std. Error 0.00 ---

























Crystal Ball Report - Short-form, Pyranometers 1-3 Model Simulation
Run preferences:





   Confidence level 95.00%
Run statistics:
Total running time (sec) 0.62
Trials/second (average) 16,234
Random numbers per sec 227,279
Crystal Ball data:
Assumptions 14
   Correlations 0









Entire range is from 2.72 to 7.15
Base case is 5.62













































Entire range is from 0.31 to 1.11
Base case is 0.73














































Entire range is from 3.38 to 8.10
Base case is 6.51













































Entire range is from 0.39 to 1.48
Base case is 0.93














































Entire range is from 3.39 to 7.91
Base case is 6.33













































Entire range is from 0.37 to 1.44
Base case is 0.89














































Entire range is from 3.81 to 8.62
Base case is 6.92













































Entire range is from 0.43 to 1.85
Base case is 1.05














































Entire range is from 3.94 to 8.17
Base case is 6.71













































Entire range is from 0.44 to 1.60
Base case is 0.99














































Entire range is from 3.25 to 7.71
Base case is 6.12













































Entire range is from 0.34 to 1.38
Base case is 0.84














































Entire range is from 2.31 to 6.88
Base case is 5.45













































Entire range is from 0.28 to 1.12
Base case is 0.69














































Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3989 0.3950
Minimum -0.91 -Infinity
Maximum 4.82 Infinity
Range Width 5.73 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2388 0.2400
Minimum 0.07 -Infinity
Maximum 1.92 Infinity
Range Width 1.85 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3965 0.3950
Minimum -1.20 -Infinity
Maximum 4.89 Infinity
Range Width 6.09 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2405 0.2400
Minimum 0.04 -Infinity
Maximum 1.89 Infinity
Range Width 1.85 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3982 0.3950
Minimum -0.96 -Infinity
Maximum 4.88 Infinity
Range Width 5.84 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2415 0.2400
Minimum 0.11 -Infinity
Maximum 1.95 Infinity
Range Width 1.84 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3936 0.3950
Minimum -1.18 -Infinity
Maximum 5.03 Infinity
Range Width 6.20 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2397 0.2400
Minimum 0.08 -Infinity
Maximum 1.86 Infinity
Range Width 1.77 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3955 0.3950
Minimum -0.74 -Infinity
Maximum 4.72 Infinity
Range Width 5.47 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2399 0.2400
Minimum 0.13 -Infinity
Maximum 1.90 Infinity
Range Width 1.78 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3942 0.3950
Minimum -0.88 -Infinity
Maximum 4.89 Infinity
Range Width 5.76 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2404 0.2400
Minimum 0.05 -Infinity
Maximum 1.90 Infinity
Range Width 1.85 ---
Mean Std. Error 0.00 ---

























Assumption: Perturbation Observed Radiation (kWh/m2/day)
Normal distribution with parameters:
Mean 2.00
Std. Dev. 0.79
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.3994 0.3950
Minimum -1.22 -Infinity
Maximum 4.68 Infinity
Range Width 5.90 ---
Mean Std. Error 0.01 ---
Short-form (local).xlsx
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Assumption: Perturbation Observed Radiation (kWh/m2/day) (cont'd)






















Assumption: Perturbation Water Extracted (m3/day)





Assumption: Perturbation Water Extracted (m3/day) (cont'd)
Statistics: Assumption values Distribution
Trials 10,000 ---








Coeff. of Variability 0.2381 0.2400
Minimum 0.07 -Infinity
Maximum 1.93 Infinity
Range Width 1.85 ---
Mean Std. Error 0.00 ---
Percentiles: Assumption values Distribution
0% 0.07 -Infinity
5% 0.61 0.61
10% 0.70 0.69
15% 0.76 0.75
20% 0.80 0.80
25% 0.84 0.84
30% 0.88 0.87
35% 0.91 0.91
40% 0.94 0.94
45% 0.98 0.97
50% 1.01 1.00
55% 1.04 1.03
60% 1.07 1.06
65% 1.10 1.09
70% 1.13 1.13
75% 1.17 1.16
80% 1.21 1.20
85% 1.25 1.25
90% 1.31 1.31
95% 1.39 1.39
100% 1.93 Infinity
End of Assumptions
